A threatening face in the crowd: Effects of emotional singletons on visual working memory Visual cues that signal social threat are often fleeting, such as a brief frown or a transient glare.
Nevertheless, encoding and remembering their presence is critical for planning appropriate social behavior within a current social episode (e.g., a conversation). To do so, one must first deploy visual attention to selectively encode relevant social information, and then engage visual working memory (WM) to retain the information after it is no longer present in the sensory array. Visual WM is thought to be a limited capacity, short-term dynamic memory system that retains information for brief periods (Cowan, 2001; Luck & Vogel, 1997) . Selective visual attention, also thought to be a limited resource, is a set of neural mechanisms that bias the competition among sensory representations to gain access to high-level cognitive processes such as WM (Bundeson, 1990; Desimone & Duncan, 1995; Kastner & Ungeleider, 2000) . Attentional biases can originate from 'top down' mechanisms that code current behavioural goals and make stimulus predictions, or from task-independent mechanisms sensitive to salience in the visual array that can arise from sensory contrasts, or from emotional (Vuilleumier, 2005) or motivational content (Anderson, Laurent & Yantis, 2011; Raymond & O'Brien, 2009 ). Not only is selective attention generally viewed as the 'gatekeeper' of WM (e.g., Bays & Husain, 2008) , numerous studies suggest that it plays a critical role in selecting information from WM (e.g., Griffin & Nobre, 2003) , and in prioritising maintenance (Makovski, Sussman & Jiang, 2008) .
These putative links between WM and selective attention predict that stimuli affording strong task-independent attentional biases should be especially successful as potential WM memoranda, even when top-down biases such as task relevance do not especially favour them. Here, we investigate this possibility using a conventional visual WM change detection task. Task-independent attentional biases were manipulated by using social stimuli (faces) with and without emotional expressions. Specifically, we measured WM for arrays of four faces, where one expressed happiness or anger and the other three were affectively neutral. Memory for each face was equally likely to be tested, making each face equally task-relevant, regardless of its expression. Using this experimental set-up we could (1) examine the effects of irrelevant emotional salience on WM by comparing performance for emotional versus neutral faces seen at the same time; (2) investigate the effect of emotional valence on WM by comparing memory for positive versus negative emotional singleton faces (seen in different trials); and (3) assess whether WM for non-emotional faces in a scene benefits or suffers when a positive versus negative face is concurrently present by comparing WM performance for neutral faces when the accompanying emotional singleton was positive versus negative.
There is widespread empirical evidence that facial expressions displaying threat are especially likely to bias selective attention (Eastwood, Smilek, & Merikle, 2003; Feldmann-Wüstefeld, SchmidtDaffy & Schubö, 2011; Fox & Damjanovic, 2006; Hahn, Carlson, Singer & Gronlund, 2006; Huang, Chang & Chen, 2011; Öhman, Flykt, & Esteves, 2001; Pratto & John, 1991) , make disengaging attention more difficult (Fox, Russo, & Dutton, 2002) , and generate greater interference on simple detection tasks (Pessoa, Mckenna, Gutierrez, & Ungerleider, 2002) . If attention plays a role in facilitating visual WM, then these findings predict that a single threatening face appearing in a crowd of other non-threatening faces should be remembered better than other neutral faces seen with it, and better than a singleton face displaying a positive expression. Moreover, considering the theoretical notions of biased competition and WM's severe capacity limitation, WM for neutral objects should be weakened as the strength of the attentional bias toward an emotional object in a to-be-remembered array goes up. Thus if an angry singleton face could bias attention more than a happy one, then memory for a neutral face should be worse when accompanied by an angry face than by a happy face.
Other related theories make similar predictions. One such notion is that multiple memory items compete for resources, causing mutual suppression of each other's representation (Bahcall & Kowler, 1999) . In this view, if one item were more successful at acquiring WM resources, then it should also be more powerful at suppressing other representations. Applied here it predicts poorer memory for neutral objects when other objects in a scene are emotional. Another view making a similar prediction is that arousal acts to sharpen attentional competition during encoding, and that this, then, enhances memory for attended stimuli and weakens memory for ignored stimuli (Mather & Sutherland, 2011) . If threatening faces are more arousing than happy faces, and are better at biasing attention, then this view predicts better WM for angry versus happy singletons and also greater costs to neutral faces seen with angry versus happy singletons.
However, other considerations make the opposite prediction for the WM fate of neutral stimuli encoded at the same time as emotional stimuli. First a common sense approach suggests that a threat processing strategy that suppressed concurrent monitoring of non-threat items seems non-optimal because other scene information could reasonably be expected to inform the behavioral and social planning needed to deal with threat. This suggests that although threat-related stimuli might capture attention initially, such attentional prioritization should eventually be suppressed so that high-level processing of other relevant information in the scene could be enabled (Becker, 2009) . Moreover, attentional selection and subsequent processing should be biased by motivational factors (Anderson, Laurent & Yantis, 2011; Raymond & O'Brien, 2009 ) so that information needed to meet current goals is processed as a priority, overriding momentary attention capture by task-independent features in stimuli.
Supporting this possibility is a study by Becker and Detweiler-Bedell (2009) who showed that when passively viewing an array of faces comprised of three neutral and one angry or fearful face, gaze is directed away from the expressive negative face. This finding predicts that WM for neutral faces might be unaffected or indeed might benefit from the presence of a threatening face.
A similar prediction is suggested by several studies that report an attention-initiated boost for visual scene memory (Lin, Pype, Murray, & Boynton, 2010; Makovski, Swallow, & Jiang, 2011; Swallow & Jiang, 2010; . In these studies, participants were given the task of remembering a series of briefly presented visual scenes whilst at the same time monitoring for the appearance of a simple target. The general finding is that scene memory, including short-term memory (Makovski et al., 2011) , is better on trials in which a target versus a distractor object was concurrently presented. The explanation of this socalled attentional boost effect is that the presentation of a goal relevant, or motivationally salient, item produces a brief generalised enhancement of processing of all concurrent stimuli. This effect suggests that the presentation of an emotional face might have a similarly positive scene-wide boost effect. Angry faces are often considered to be motivationally salient, activating approach responses (Carver& HarmonJones, 2009; Wilkowski & Meier, 2010) , whereas happy expressions, on the other hand, may be viewed as less motivating because they communicate approval and do not imply that a change in behaviour is necessary. If the presentation of a motivationally salient object could induce an attention boost for WM, then WM for neutral faces presented concurrently with an angry face might be better remembered than neutral faces presented concurrently with a happy face.
Several previous studies have shown that negative emotional expression facilitates visual WM for face identity (Jackson, Wolf, Johnston, Raymond, & Linden, 2008; Jackson, Wu, Linden, & Raymond, 2009; Sessa, Luria, Gotler, Jolicoeur, & Dell'Acqua, 2011) . These studies measured WM performance using a simple change detection task in which a study array comprising a small number of different people's faces each bearing the same emotional expression was presented for several seconds for encoding. After a one or two second retention interval, a single test face was presented and participants judged if it was from the study array or not. WM for angry (Jackson et al., 2008; 2009) or fearful (Sessa et al., 2011) faces was found to be significantly better than that for neutral faces. Jackson et al. (2008;  2009) also showed that performance was better for angry versus happy faces and that there was no difference in WM for happy versus neutral faces. One interpretation of these findings is that WM capacity is enhanced by negative emotional information (Jackson et al., 2009) . Another is that negative emotion on a face encourages a combination of greater precision during encoding and better maintenance during the delay period (Sessa et al., 2011) , processes that could potentially be independent of selective attention and operate in a non-competitive way. These contrasting viewpoints make different predictions about the fate of affectively neutral information present in a scene with negative emotional content. If anger were to enhance WM capacity, per se, then one might expect a WM boost for other concurrently viewed stimuli, i.e., a scene-wide benefit. The enhanced precision view predicts WM enhancement for the negative object only (i.e., an object-based benefit), leaving WM for any other affectively neutral or positive objects in the scene unaffected.
To address these issues, we conducted two studies, each using a modification of Jackson et al.'s (2009) face WM task that involved presenting a single emotional face (angry or happy) and three neutral faces as the study array. We always presented four faces so that WM capacity (about 2.5 faces on average, Curby & Gauthier, 2007; Jackson & Raymond, 2008) would be exceeded, preventing performance from reaching ceiling. In the first experiment, we also presented uniform trials in which all faces in the study array had the same expression (all angry, all happy or all neutral), replicating the conditions of Jackson et al. (2009) . To ascertain whether an angry benefit to WM could be found with a single face, we compared WM for angry versus happy singletons, so as to control for any purely singleton effects, i.e., a benefit accrued from being an atypical item in the array. We also compared singleton WM performance with that in the corresponding uniform condition (all angry or all happy). If selective attention could boost WM, then performance might be better for singletons in the singleton condition than for any one face in the uniform condition, and this benefit should be bigger for angry than for happy faces. To address the question of the fate of neutral faces in singleton arrays, we compared WM performance for neutral faces seen in each emotional singleton condition and in the neutral uniform condition. To anticipate, we found, as expected, that WM for angry faces was better than that for happy faces in both the singleton and uniform conditions. Surprisingly, we found no effect of an emotional singleton, angry or happy, on WM for concurrently viewed neutral faces compared to performance for the uniform neutral condition. The second experiment used only singleton study array conditions and monitored gaze position during each study array interval to assess the possibility of differential encoding.
Not only did we fully replicate the relevant results from Experiment 1, we found that fixation patterns were not different when the emotional singleton was angry versus happy, suggesting that gaze behaviour cannot account for the observed negative face benefit to WM.
EXPERIMENT 1
The primary goal of this experiment was to allow a comparison between uniform study array conditions and singleton study array conditions. In the former condition, the study array comprised four faces, each bearing the same expression. Test faces always had the same expression as faces seen in the preceding study array. In the latter, singleton condition, one face was expressive whilst the other three were neutral. In both conditions, each face in the study array was equally likely to be presented at test.
Participants.
Participants for both experiments were recruited through Bangor University and received course credit or money in exchange for participation. All reported normal or corrected to normal visual acuity.
Twenty-five adults (11 females, mean age = 22 years s.d. = 4 years) participated in Experiment 1.
Apparatus.
In this and the second experiment, stimuli were presented on a Mitsubishi Diamond Plus 20 inch colour monitor (resolution = 1280 x 1024 pixels, refresh rate = 100 Hz), using a Dell Optiplex GX400 computer running Microsoft Windows XP. Viewing distance was 60 cm. E-Prime software (Version 1.0; Schneider, Eshman, & Zuccolotto, 2002 ) generated stimuli and recorded responses acquired via a keyboard.
Stimuli.
Face stimuli used in both experiments were grayscale bitmap images (depth 24; sized to 73 x 84 pixels; subtending approximately 2.2 x 2.4 deg of visual angle) of six male adults bearing angry, happy or neutral expressions (Ekman & Friesen, 1976) . Hair but not neck was visible. Face images were the same as those used in Jackson et al. (2009) wherein it was reported that these faces are equally discriminable when angry, happy or neutral. Study arrays comprised four faces arranged in a grid centred on the screen (as shown in Figure 1 ). Horizontal and vertical spaces separating the faces were 0.2 deg of visual angle. The test face was presented centrally.
Procedure and Design.
Each trial began with a 3000 ms central fixation interval. Midway through, the fixation cross was briefly enlarged (for 1000 ms) to encourage fixation. The fixation display was followed immediately by a 2000 ms study array of four different faces (drawn randomly without replacement from a set of six face identities), a blank screen for 1000 ms (retention interval), and then the presentation of a single test face that remained visible until response (see Figure 1 ). Response times (RTs) were recorded. Participants indicated by pressing the "i" or "e" key if the test face had been present (no-change) or not (change) in the study array, respectively. For each condition of the study array, half the trials were change trials and half were no-change trials.
The experimental session comprise a total of 352 trials of which 96 had uniform study arrays (all faces had the same expression) and the remaining 256 trials had study arrays with one expressive face and three neutral faces. The facial expression in the uniform condition was equally likely to be angry, happy or neutral; the expression of the singleton face on singleton trials was equally likely to be angry or happy. These study array conditions were fully crossed with the test conditions of change/no-change and were presented in a random order over eight blocks of 44 trials each. For the uniform conditions, each combination of expression (angry, happy, neutral) and test type (change, no-change) was presented 16 times. For the singleton condition, each combination of singleton expression and test type was presented 64 times. The location of the emotional singleton was fully counterbalanced across these trials. On no-change trials, the test face was equally likely to be any of the faces from the study array.
This meant that for singleton trials the test face matched the singleton in identity and expression on 25% of no-change trials, and matched one of the neutral faces in identity and expression on 75% of trials. On change trials, the test face did not match any of the study faces in identity but had the same expression as the singleton on 25% of trials and was neutral on 75% of trials. In total, participants were exposed to 320 angry faces, 320 happy faces and 640 neutral faces. Each face identity was seen approximately the same number of times. 
Data analysis.
Change detection performance was quantified using d'. This was computed for each participant for each condition by subtracting the Z-transform of the proportion of False Alarms (FA; no-change trials on which participants incorrectly responded 'change') from the Z-transform of the proportion of Hits (change trials for which participants correctly responded 'change'). To assess memory for singleton faces in the singleton conditions, d' was calculated using the FA and Hit rates obtained on trials when an emotional test face was presented, using no-change and change trials, respectively. To assess memory for neutral faces in the singleton conditions, d' calculations used the FA and Hit rates obtained on trials when a neutral test face was presented, using no-change and change trials, respectively. An ANOVA using study array condition (happy, angry, neutral) as a within-subject factor was used to analyse the d' scores from the uniform trial conditions. To analyse the d' scores from the singleton trial conditions we conducted an ANOVA using singleton study array expression (happy, angry) and test expression (emotional, neutral) as within-subject factors. Planned comparisons used within-subject t-tests. A similar ANOVA was conducted on RTs. For this analysis we excluded trials with RTs longer than 3000 ms or less than 200ms, leading to the exclusion of all the data from one participant who had too few trials in some conditions and excluding 5.2% of the data for remaining participants. Alpha levels were set at .05.
Results and Discussion
WM Performance: Uniform conditions. As can be seen in the leftmost bars of Figure 2 , when all faces in the study array had the same expression, group average d' scores were higher in the angry condition (M = 1.65, SD = .87) than in the happy (M = 1.14, SD = .74, t(24) = 2.80, p = .010) or neutral (M = 1.14, SD = .63; t(24) = 2.77, p = .011) conditions, F(2,48) = 5.38, p = .008, ηp2= .183. The difference in performance for the happy versus neutral condition was non-significant [t(24) = .033, p = .974].
Comparable performance for happy and neutral faces argues against the notion that proactive interference may play a role in this task. Proactive interference occurs when current stimulus processing is impaired by prior processing of the same stimuli and is more likely to happen when the test item matches an item from a memory set on a previous trial (see Hartshorne, 2008) . In our task, a small set of faces (18 in total: 6 identities x 3 expressions) were repeated across many trials, and it is therefore possible that greater repetition of neutral than emotional faces from trial to trial led to increased proactive interference. However, even though happy faces were seen less often than neutral faces throughout the entire experiment and would therefore have incurred less proactive inhibition, WM performance for happy versus neutral faces in the uniform conditions did not differ. Happy and angry faces were seen equally often and should have produced the same amount of proactive interference, yet we observed a significant difference in performances between these two conditions. These results replicate Jackson et al. (2009) in all respects, and do not support a proactive interference account of the negative face benefit to WM. WM Performance: Singleton conditions. When the WM study array comprised only one emotional face and three neutral faces, a singleton benefit (i.e., d' for singleton faces -d' neutral faces) was clearly observed. Group mean d' was significantly better for the emotional singleton than for any one of the neutral faces [F(1,24) = 4.90, p = .037, ηp2= .169]. See Figure 2 . However, this effect was largely driven by results from the angry singleton condition: We observed a significant interaction of singleton expression in the study array (happy, angry) and expression in the test face (expressive, probing memory for the singleton versus neutral, probing memory for a non singleton), F(1,24) = 4.65, p = .041, ηp2 = .162. When the angry singleton was tested, mean d' (M = 1.63, SD = .56) was 0.41 units higher [t(24) = 3.10, p = .005] than when a neutral face from this study array condition was tested (M = 1.22, SD = .54). In contrast, when the happy singleton was tested, mean d' (M = 1.31, SD = .66) was only 0.04 units higher (a non significant difference, p > .5) than when a neutral face (M = 1.27, SD = .55) from the same study array condition was tested. The difference in the magnitude of angry and happy singleton effects yields an index of the negative face benefit that is distinct from singleton effects per se (e.g., Theeuwes, 1993; Yantis, 2000) and reflects an emotion-specific process. The negative face benefit observed here (mean = 0.37 d' units) is further supported by the observation that WM performance for the angry singleton was 0.32 d' units higher than for that for the happy singleton [t(24) = 2.76, p = .011].
These effects cannot be explained by differences in proactive interference for angry versus happy stimuli because all emotional stimuli were viewed an equal number of times.
WM for neutral faces was unaffected by emotional expression of the accompanying singleton (p > .5). WM performance for the neutral faces in each of the two singleton conditions was not different from that in the neutral uniform condition (both cases, p > .5). The boost in performance found for angry versus happy singletons does not appear to have had any consequences (facilitatory or inhibitory) for concurrently viewed neutral faces, indicating that this effect is object-specific, not scene-wide.
________________ Figure 2 about here ________________
We then asked whether the magnitude of the boost from a single angry face in a study array was different from that obtained when all faces in the study array had angry expressions. Although the latter condition provided a larger overall signal of threat by presenting four angry faces in the study array, WM for angry singletons was not significantly different from WM for faces tested in the angry uniform condition (p > .5). Thus it appears that a singleton angry face accrues the same magnitude of benefit to its representation in WM as an angry face seen within an array of other angry faces. A similar comparison for the happy conditions also showed a non-significant difference (p > .25).
Response Time. If selective attention plays a role in WM retrieval (Griffin & Nobre, 2003) , then the singleton face in WM should have biased attention during retrieval, making RTs in the WM task faster when these versus neutral faces were probed. Moreover, this effect should be greater with angry versus happy faces, if indeed, angry faces attract attention more than happy faces. We observed that RTs were 45 ms faster when the test face had an emotional versus neutral expression [F(1, 23) = 17.227, p < .001, ηp2= .428], indicating a singleton effect that could have arisen from selective attention to the singleton item stored in WM. The main effect of singleton condition (angry versus happy in WM array) was non-significant (F< 1) and this factor did not interact significantly with expression in the test face (F<1), lending no support for the notion that a specifically threat-related attentional bias operating at retrieval could account for the angry benefit. (See Table 1 
EXPERIMENT 2
The primary findings of Experiment 1 do not readily support the notion that the angry singleton drew resources away from concurrently presented neutral stimuli in this task. However, it remains a possibility that an attention-based reduction in processing of neutral faces in angry singleton-containing arrays occurred in tandem with a scene-wide boost in processing resulting from the presence of the angry singleton. Acting in opposite directions, these processes could have cancelled each other out, resulting in our observed null effect on WM for neutral faces. To investigate, we re-tested the singleton conditions of Experiment 1, (using the same stimuli) but this time monitoring eye movements during the study array presentations. Considering gaze to be a reasonable index of attention in this situation, we predicted that if the angry singleton was capturing attention to a greater extent than the other faces in its array, then this should be evident as longer or more fixations to that face than to the concurrently viewed neutral faces. Importantly, if greater selective attention to angry than happy faces during encoding was the basis for the negative face benefit in WM performance, this bias of gaze toward the angry singleton should be greater than any corresponding bias toward the happy singleton.
Method

Participants.
Thirty-two adults (21 females, mean age = 22 years, s.d. = 4.1 years) participated in Experiment 2. None had participated in Experiment 1.
Apparatus.
This was that same as for Experiment 1 except that an EyeLink® 1000 desktop mounted eyetracker (SR Research Ltd., 2002; sampling frequency of 500 Hz) was used to record eye movements monocularly from the left eye. A chinrest was used to maintain head position.
Procedure and Design.
The procedure was that same as that described for the singleton trials of Experiment 1, except that the verbal suppression task was omitted. Four blocks of 64 trials each were presented. The singleton was equally likely to be angry or happy, to occur in any of the four face locations in the study array, and to be followed by a change or no-change test condition. The sequence of trials presented within each block was individually randomized. A practice block of 16 trials preceded the experimental session. The eye-tracker was calibrated (using standard nine point calibration/validation) before each block of trials.
Data Analysis.
Data from trials with response times (RT) of less than 200 ms and longer than 3000 ms were excluded from the analysis accounting for 3.24% of the data. Eye position was extracted using the EyeLink® Data Viewer (SR Research Ltd., 2002) software package. Fixations were defined as periods when the pupil could be detected and no saccade was underway. Saccades were defined as periods when two criteria were met: gaze position had both changed by more than 0.1 deg and was either accelerating by at least 8000°/sec2 or exceeded a velocity of 30°/sec. All the data from two participants were excluded due to difficulty monitoring their gaze position due to thick spectacles. For remaining participants, WM performance data were excluded on a trial by trial basis if less than two fixations were successfully recorded during presentation of the study array, a process that eliminated a further 0.95% of data. Four vertical rectangular (79 X 90 pixels) regions of interest (ROI) were defined; their centers were coincident with the center of each face in the study array. The mean number of fixations, mean dwell time (i.e., sum of durations of all fixations), and proportion of first fixations landing within each ROI were determined for each participant for each study array condition. ANOVAs were conducted on each eye movement measure using study array condition (angry, happy) and test expression (expressive, neutral) as within-subjects factors. ANOVAs on RT and d' were calculated as for singleton conditions in Experiment 1.
Results & Discussion
WM Performance. As can be seen in Figure 3 Table 1 ). RTs were 77 ms faster when the test face had an emotional versus 1 We conducted an ANOVA on the WM d' scores for the singleton conditions using experiment as a between group factor and study array expression and test expression as within-subjects factors. The main effect of experiment, the interaction of experiment and study array expression, and the triple interaction (experiment X study array expression X test expression) were all non significant (all F's < 1). However, the interaction of experiment and test expression was significant [F(1, 55) = 15.552, p < .001, η p 2 = .220], indicating that the singleton effect was greater in the second experiment, an effect largely due to the angry singleton condition [t(55) = 2.727, p = .01]. The corresponding difference for happy singletons was marginally significant [t(55) = 1.668, p = .10]. Between-experiment differences in WM for the neutral face conditions were non-significant (p > .30). neutral expression [F(1, 31) = 23.883, p < .001, ηp2 = .435]. As before, this effect that did not interact significantly with singleton condition (angry, happy; F < 1), lending no support for the notion that a specifically threat-related attentional bias could account for the angry benefit. The interaction term was also non-significant (F < 1). Table 2 for group mean eye movement measures for each condition. However, this effect did not interact with the emotion of the singleton in the display for either measure [fixations: F(1, 31) = 1.256, p = .271, ηp2 = .039, dwell time: F < 1], and the main effect of singleton condition (angry, happy) was non-significant for each measure [both F's < 1). Table 2 about here ________________ Thus, while singletons attracted more looking, their emotional valence did not influence this behaviour. Pertinent here is that the correlation between each individual's difference in the number of fixations for angry versus happy singletons and their difference in WM d' for angry versus happy singletons was 0.17, suggesting that differences in fixation behaviour had little impact on differences in WM performance resulting from the expression of the singleton. A similar correlation calculated using dwell time was 0.09.
________________
We next examined correlations between eye movements and WM performance using the number of fixations directed at the singleton face (happy or angry) expressed as a proportion of the total number of fixations directed at faces during the study interval. We used this eye movement measure2 because it can be viewed as an index of an inappropriate orienting bias. Considering that all faces were equally likely to be tested, orienting to the singleton face more than any other face would be non optimal, presumably resulting from poor top-down control over task-independent biases arising from the singleton face. We found that the proportion of fixations to the angry singleton was not significantly correlated with d' for the angry face (r = .07). The corresponding correlation for the happy singleton was also non significant (r =.00). However, the proportion of fixations to the angry singleton was significantly and negatively correlated with the d' value for neutral faces seen in the angry singleton condition (r = -.43, p = .01). The corresponding correlation for the happy singleton condition was also negative but nonsignificant (r = -.17, ns.). Scatter plots illustrating these effects (and the distribution of d' scores) are shown in Figures 4A and 4B . There it can be seen that a handful of participants showed a propensity to disproportionally fixate the singleton, a behaviour associated with poor memory for the less fixated neutral faces.
To probe whether this relationship between fixation behaviour and WM performance could account for the WM boost seen for angry relative to happy faces and singletons relative to neutrals, we split the participants into two groups (using the median) depending on the proportion of fixations made toward the singleton faces (averaging scores for angry and happy singleton conditions). We found that the group with the smaller, more optimal proportion of singleton fixations (mean = .249, where .250 is optimal for a four-face display) did overall better than the group with more singleton fixations (suboptimal fixators; mean = .265). (Overall d' = 1.40 and 1.05, for optimal and sub-optimal groups respectively; between-group t-test, p = .02.) The correlation between the proportion of fixations directed 2 We redid all the analyses reported here using (1) raw number of face fixations that were directed at the angry face, (2) dwell time to the angry face, and (3) proportion of total dwell time spent looking at the angry face. In all cases, the results were as reported here using proportion of singleton fixations regardless of singleton expression.
at the singleton faces and the overall session mean d' was negative and significant (r = -.413, p < .02). It remains unclear however whether eye movements determine overall working memory performance or whether participants with poorer WM have more difficulty suppressing inappropriate orienting responses to emotional stimuli.
Of interest here is that the optimal versus sub-optimal fixators did not differ significantly on d' performance for singletons, but the optimal fixators out-performed the sub-optimal group when memory for neutral faces was tested, p < .05. This result shows that memory for the neutral faces depended on time spent orienting to them. For the optimal fixators, who did not fixate the singleton face disproportionately to the other neutral faces, memory performance for the angry singleton (d' = 2.12) was nevertheless significantly better than for the accompanying neutral faces (d' = 1.23, p < .001),
showing clearly that the negative face benefit to WM did not rely on greater overt orienting to this face.
The corresponding difference for the happy singleton condition was only marginally significant (happy singleton, d' = 1.69; neutral faces, d' = 1.36; p =.09), suggesting that benefits accrued from singleton status, per se, may depend on biased overt orienting to the singleton. Indeed the sub-optimal fixators who showed this behaviour, showed large significant singleton benefits for both angry and happy singletons (versus neutrals, p < .001, in both cases). Their negative face benefit (group mean angry minus happy singleton d' scores = 0.46,) was similar in size to that found in the optimal fixators (mean = 0.43 d' units). To summarise, biased orienting may play a role in promoting a singleton benefit, but does not appear to contribute to the negative face benefit. Even when participants who obviously favoured orienting to singletons are removed from the analysis, the negative face benefit to WM was still observed.
We next analysed the distribution of initial fixations made after the study array was presented to determine if the emotional nature of the singleton had an immediate effect on gaze. Angry singletons attracted the first fixation on 26% of angry singleton trials (SD = 4%), whereas on happy singleton trials, the singletons attracted the first fixation on 28% of trials (SD = 4%). Both values are modestly greater than chance (25%), suggesting that there may have been an attentional bias toward the emotional singletons during the early stage of encoding. However, happy singletons were more effective at capturing the first fixation than angry singletons [t(31) = 2.037, p = .050], arguing against the notion that preferential orienting to the angry face singleton accounts for their advantage in WM.
Although this analysis of eye movements during the presentation of the study array indicates that the emotional singletons were modestly more effective at attracting gaze than their neutral counterparts and this effect was more pronounced in some individuals than others, neither fixation frequency nor dwell time were influenced by emotional expression. These findings lend no support for the notion that the boost in WM performance for the angry singleton found here and in Experiment 1 derives from an enhanced opportunity for encoding. Interestingly, our eye movement results do not replicate those reported by Becker and Detweiler-Bedell (2009) who used a very similar display (an emotional singleton and three neutral faces displayed in a grid, as used here) in a passive viewing task. In contrast to our finding, they showed that angry (and fearful) faces are less likely to be the target of the first fixation than any of the other neutral faces in the array. Perhaps the difference in our results is that here, each face was relevant for performance in the task whereas in their study, there was no specific reason to control visual orienting. Nevertheless, in neither data set is there any evidence of preferential overt visual orienting to angry versus happy singletons.
GENERAL DISCUSSION
The aim of the experiments reported here was to determine how stimuli affording unusually strong task-independent attention biases affect WM for themselves and for other equally task-relevant, but less compelling objects in the same scene. Specifically, we asked whether positive versus negative emotional content in a face would affect WM for it and other affectively neutral faces. In two experiments we show that an emotional singleton face is remembered better in WM than other concurrently viewed neutral faces, and that this effect is significantly stronger when the singleton face has a negative versus positive expression. The results of Experiment 2 showed that these effects were found even when eye movements did not favour the singleton during the study period. Surprisingly, we also found that the benefit accrued to the emotional singleton appeared to have no negative consequence for WM of the neutral faces that accompanied them. Performance for a neutral face was the same regardless of whether it was accompanied by a happy singleton, an angry singleton, or no singleton (i.e., all faces in the study array were neutral). In summary, there are three effects from these studies that require explanation: A singleton benefit that is independent of singleton emotion; a negative face benefit (defined here as the difference in the size of the singleton benefit measured with angry versus happy singletons); and the independence of neutral face WM from the attention or emotional salience of concurrently viewed faces.
Finding a singleton benefit to WM is most easily explained as a straightforward consequence of selective attention (Theeuwes, 1993; Yantis, 2000) . The singleton face, a singleton by virtue of its expression only (all faces were male but all faces had unique identities), appears to have afforded sufficient sensory and/or emotional salience to bias attentional competition at some stage in the processes that determine WM performance. This effect is probably indexed best in the current studies as the difference between singleton face d' and neutral face d' in the happy singleton condition only because here effects are not augmented by the negative face benefit. The eye movement data of Experiment 2 suggests that singletons attracted modestly more overt orienting than non-singletons, raising the possibility that these eye movement biases can account for the singleton effect. However, participants who did not show an orienting bias to the singletons still produced 0.33 d' units of singleton benefit in the happy singleton condition, suggesting that biased orienting leading to better encoding cannot fully account for this effect. Another, not mutually exclusive account, is that selective attention facilitated retrieval processes during the WM task. An emotional face at test would serve to bias attention to the only emotional face in WM, whereas a neutral face at test would bias attention less specifically, requiring potentially more than one representation to be examined. This notion is supported by the finding that RTs on the change detection task were faster when singleton versus non-singleton items were tested. This effect was found for both angry and happy singleton conditions and was present for optimal and non-optimal fixators under both conditions among (all p's < .05). This RT advantage indicates that the expression information that made the singleton unique was available to WM and could be used to aid search through WM items. In summary, these data provide good evidence for the contention that selective attention is the mechanism mediating the singleton benefit to WM.
The second effect demanding explanation is the negative face benefit. As with the singleton effect, it is tempting to assume that this occurs in the singleton conditions of Experiment 1 and in Experiment 2 as a result of threat biases acting on selective attention (e.g. Eastwood et al., 2003) .
However, problematic for this explanation is our finding that the singleton's emotional expression had no obvious impact on eye fixations patterns during the study interval, nor appeared to have any influence on RT in the WM task. If angry faces had been more attentionally compelling than happy faces, then we would have expected to see more fixations toward angry versus happy singletons and faster RTs when angry versus happy faces were presented at test, but we did not. Moreover, in Experiment 1 we found that the negative face benefit was robust even when, at study, all faces were negative versus all happy in expression (see also Jackson et al., 2009 , Sessa et al., 2011 . This uniform array condition eliminates any potential for selective bias among memory items. Furthermore, finding a negative face benefit with uniform arrays excludes explanations based on item distinctiveness or semantic relatedness, factors thought to provide a cognitive basis for emotional enhancement of memory (EEM) effects in the short term (Talmi & McGarry, 2012) . Another finding in our data that is problematic for a selective attention account of the negative face benefit found in the singleton condition is that WM performance for neutral faces was not affected by the singleton's emotional expression. This is the third interesting effect from our experiments that needs explaining. Accounting for it and developing an explanation for the negative face benefit are intertwined so will now be discussed together.
Different theories addressing the impact of emotional, especially threatening stimuli on perception and memory make different predictions for the fate of an accompanying, task-relevant but affectively neutral object in WM. Arguing for a benefit are notions of generalised arousal and recent findings that scene-wide cognitive processing can be transiently boosted by the presentation of motivationally relevant (target) stimulus (e.g., Swallow & Jiang, 2010; Makovski et al., 2011) . Predicting a detrimental effect are theories proposing a role for biased competition in memory (e.g., Mather & Sutherland, 2011) and range of findings related to EEM effects showing that emotional stimuli promote a narrowing of processing, leading to poorer processing of stimuli peripheral to the emotional epicentre of a scene (Easterbrook, 1959) . However, we found no support for either prediction; instead, WM for neutral faces was the same whether a single angry or happy face appeared in the scene or all faces were neutral. Although interpretation of null effects may be difficult when the method of measurement has questionable sensitivity, observing replicable expression-dependent effects on WM for singletons in the same experiments on the same participants in which these null effects were found suggests that the change detection task (as used here) is, in fact, sufficiently sensitive to permit cautious interpretation.
An explanation for why angry faces enhance memory with no obvious cost to concurrently viewed neutral stimuli must be rooted in object-based processes, i.e., processing that operates on stimulus information after it has been used to formulate representations of distinct objects. It cannot be explained by scene-wide processes, such as generalised arousal induced in response to emotional stimuli, because this type of process should have modulated WM for all stimuli in the same way. Also arguing against a generalised arousal account of the negative face benefit is that the magnitude of this effect obtained in the singleton condition of Experiment 1 was not different from that observed in the all-angry uniform condition of the same experiment. Arousal would be expected to be greater with four angry faces than with just one; if arousal accounted for the negative face benefit, then the magnitude of the WM boost would be expected to reflect this. Our rejection of a generalized arousal account is consistent with Jackson et al. (2009) who showed that music induced arousal (as measured using the Self-Assessment Manikin, Bradley & Lang, 1994) did not improve WM for non-angry faces, that calming music did not abolish the angry face benefit, and that explicit ratings of arousal for the angry faces used in their (and the current) study were not different from those for happy faces. It is possible that arousal reached some maximum level with exposure to a single face, precluding the observation of greater effects with additional threatening faces. However, this seems unlikely given the relatively low arousal nature of face photographs viewed on a computer screen, as used here.
However, another possibility is that arousal was elevated at retrieval. In the current experiments, test faces always matched the study array face in expressions so that the angry face singleton was tested with an angry face and neutral faces were tested with neutral faces. If arousal was elevated at retrieval by the former but not by the latter, and more so by angry than happy faces, this could account for what appears to be an object-based effect on WM performance. However, this is unlikely because Jackson, Linden & Raymond (in press) , using a similar WM single-probe change detection procedure, report that when study array faces are emotional but the test face is neutral, WM for face identity is still better when the faces seen at study are angry versus happy. They also showed that WM for neutral study faces is not better when an angry versus happy expression is seen in the test face.
Nevertheless, arousal has long been thought to play a role in producing the well-studied EEM effect on LTM, and this rich literature may provide a clue to explain the object-based negative face advantage effects we describe here. EEM effects are widely thought to be mediated by activity in the basolateral amygdala (BLA, see McGaugh, 2004 for a review), a structure that is able to modulate slow acting memory consolidation processes in multiple brain locations. Although these same processes are unlikely to mediate short-term memory effects, the heightened amygdala responses they depend on may also have immediate effects on perceptual processes that could mediate the emotion-specific WM effects reported here. The amygdala produces rapid responses (within a half second) to emotional (Brieter et al., 1996) and motivationally-salient (Paton, Belova, Morrison & Salzmann, 2006) stimuli. The dense reciprocal interactions between visual cortex and amygdala (Amaral & Price, 1984; Stefanacci & Price, 2002) allow the possibility that amygdala activation could boost visual encoding of the angry singleton face during the lengthy (2 s) study intervals used here. This would lead to richer, more precise sensory encoding of angry versus happy or neutral faces and thus yield direct benefits for WM in our change detection task (Sessa et al., 2011) . Our data show that this object-specific boost did not come at a cost for other items in the display. Although object-based models of selective attention might predict that such costs would be evident, the eye movement analysis of Experiment 2 suggests that during the long study interval, selective attention was moved serially to each face in the study array, allowing any costs for encoding that may have arisen from attentional competition to be overcome. Thus, each face would have successively become the focus of attention, but only the angry face would have attracted high resolution encoding due to its ability to heighten amygdala activation.
A question that arises is why this effect is anger-specific, especially when other studies have shown that happy faces are also able to heighten amygdala activation (Brieter et al., 1996) . One possibility is that the amygdala does not specifically code emotional content, but rather codes motivational salience (Holland & Gallagher, 2004; Paton et al, 2006) , a factor that was confounded with face expression under the passive viewing conditions used by Brieter et al. (1996) . Perhaps angry faces had greater motivational salience than happy faces in our study because they signal disapproval and carry an implicit instruction to alter behavior or "do better" to avoid unpleasant consequences, as opposed to the approval or signal to maintain current behavioural strategies implied by a smiling face.
This motivational interpretation of expression information is consistent with the view that anger in another's face or gesture activates approach responses (Carver & Harmon-Jones, 2009; Wilkowski & Meier, 2010) and also with a recent finding that an angry but not a happy or fearful expression can overcome attention-induced inhibition that dulls sensitivity to subtle facial expression (Gomez-Cuerva & Raymond, 2011) . Additional support for the idea that motivation may play a role in WM was reported by Raymond & Thomas (2012) who showed that stimuli previously associated with high reward value were better remembered in a WM task than stimuli previously associated with losses or no outcome.
Our finding that WM can be boosted for one item in a scene without incurring costs or benefits to other concurrently viewed item also has implications for current theories concerning capacity limitations of visual WM. WM capacity for faces is about 2.5 on average (Jackson & Raymond, 2008) , so even though our experiments only used four faces in each study array, WM capacity was probably exceeded for all individuals, allowing us to make inferences about capacity limitations from our data.
Some argue that WM capacity is limited by a fixed number of 'slots' and that only a single object representation along with all its attributes can be encoded in each slot (Luck et al., 1997; Zhang & Luck, 2008) . Others posit that capacity is constrained by the size of a pool of available resources that can be flexibly allocated to a small or large number of items by trading off representational precision (Bays et al., 2008; Frick, 1988; Wilken & Ma, 2004) . Finding that WM for neutral faces was unaffected by the presence of an emotional singleton is inconsistent with a purely resource-based model. It is perhaps better accommodated by recent two-factor views that posit an initial slot-based process accompanied by a post-selection, flexible adjustment of representational precision within each slot (Awh, Barton & Vogel, 2007; Xu & Chun, 2009; Barton, Ester, & Awh, 2009; Fukuda, Awh, & Vogel, 2010) .
In summary, we show that negative emotional content in face images enhances visual WM for those stimuli, without causing either costs or benefits to other neutral, concurrently viewed stimuli.
These findings, especially when considered in light of the eye movement patterns observed during the study period and the RTs in the change detection task, indicate that selective attention with its putative mechanism of competition among stimulus representations cannot account for the negative face advantage found here and in previous studies. Instead, it appears that negative emotional information may serve to heighten encoding precision for an object's representation thereby enhancing WM performance for it but not other stimuli. 
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